Background {#Sec1}
==========

A number of advantages of performing cardiovascular magnetic resonance (CMR) at 3T compared to 1.5T have been reported \[[@CR1]\], particularly in applications such as myocardial tagging and perfusion \[[@CR2], [@CR3]\] as well as whole-heart coronary artery imaging \[[@CR4]\]. However, significant challenges remain in performing routine clinical imaging at 3T, especially the reduced radiofrequency (RF) transmit field (*B*~1~^+^) homogeneity over the heart at 3T compared to 1.5T: Sung et al. \[[@CR5]\] have reported that the magnitude of the *B*~1~^+^ field can vary by up to 50 % at 3T. The *B*~1~^+^ inhomogeneity can produce significant shading artifacts leading to a reduced signal-to-noise ratio (SNR) and contrast over the heart \[[@CR6]\]. Other issues at 3T include the increased specific absorption ratio (SAR), which limits the minimum repetition time (TR) that can be used, and increased static field (*B*~0~) inhomogeneity over the heart which, in combination with the higher TR, can introduce significant banding into images acquired with the highly efficient steady-state free precession (SSFP) sequences which are used at 1.5T \[[@CR7]\].

Recently, all major CMR manufacturers have introduced dual-channel transmit systems for 3T \[[@CR8]\]. Although a single-channel system driven in quadrature, i.e. the two modes of the body coil being driven by equal amplitudes and a fixed 90° phase difference, produces a sufficiently homogeneous *B*~1~^+^ field at field strengths up to and including 1.5T, this approach is not optimal at 3T as the reduced RF wavelength, which is approximately 25 cm in tissue at 3T, leads to significant *B*~1~^+^ nonuniformities within the human body. An elliptical drive, i.e. using equal amplitudes but a fixed non-90° phase difference between the two ports, improves this situation in abdominal imaging but does not provide optimal settings for cardiac imaging. The dual-channel transmit approach utilizes two dedicated transmit chains, which allows independent control of the amplitudes and phases driving the two ports of the body coil. The process of optimizing image quality by adjusting the relative amplitudes and phases of these two channels is referred to as "RF-shimming". A short calibration scan (typically lasting less than a minute) is performed at the beginning of each examination to map the *B*~1~^+^ fields of each of the two channels, and based upon these data the optimal relative amplitudes and phases are calculated. SAR estimates are then obtained from a precalculated SAR database, which includes multiple body models and RF-shim settings. This procedure allows for subject-specific driving conditions that optimize the *B*~1~^+^ homogeneity as well as reduce the SAR \[[@CR9], [@CR10]\]. A number of studies have shown that the dual-channel approach increases the *B*~1~^+^ homogeneity over the heart, improves the contrast-to-noise ratio (CNR) between the basal inter-ventricular septum and blood pool, and also between papillary muscles and/or myocardium and the blood pool, and reduces the signal drop-off in the septum, right ventricle and right ventricular free wall \[[@CR11]--[@CR13]\]. In addition, due to the reduced SAR, the TR can be significantly reduced, which leads to a decrease in banding artifacts from SSFP sequences. In one particular study on high-dose dobutamine stress (HDDS) at 3T, Strach et al. \[[@CR14]\] found significant improvements in image and diagnostic quality using a dual-channel transmit system compared to operating in single-channel mode. In their study 13/13 cases were found to be diagnostic in dual-channel transmit mode, compared to only 5/13 in single-channel transmit mode.

An alternative (but also complementary) approach to improving image quality is the use of high permittivity materials \[[@CR15]\]. The underlying physical mechanism is that these materials support a strong and localized density of electrical displacement currents that are induced by the primary RF field from the body coil. These currents can be thought of as secondary sources which superimpose a secondary RF field onto the primary RF field present without high permittivity pads. Therefore, introducing a high permittivity material will generally lead to a local enhancement of the *B*~1~^+^ field, which can be tailored to a specific organ or region-of-interest. Previous results have shown that two high permittivity pads optimized for cardiac imaging can significantly increase the CNR, reduce SAR by as much as 50 % and improve *B*~1~^+^ homogeneity in functional cardiac magnetic resonance at 3T \[[@CR16]\]. However, the latter two characteristics have not explicitly been studied as a function of the RF-shim settings, i.e. the relative phases and amplitudes used during the scan. Since the SAR model used in commercial CMR systems obviously does not account for the presence of high permittivity pads, it is currently unknown if the presence of pads while scanning can lead to actual SAR levels higher than those reported by the system under certain conditions of RF-shimming. The aim of this study is to perform a thorough analysis of the *B*~1~^+^ and SAR performance of a 3T dual-channel transmit system as a function of RF-shimming in order to address these questions.

Methods {#Sec2}
=======

Healthy volunteers were scanned under a protocol approved by the local institutional review board. Signed informed consent was obtained from all volunteers.

Electromagnetic simulations {#Sec3}
---------------------------

The transmit RF field in a two-port high pass birdcage body coil tuned to 128 MHz was simulated using commercially available software (xFDTD, version 7.2, Remcom inc., State College, PA, USA). The dimensions of the coil were 50 × 61 cm (length × diameter), and the shield had a diameter of 67 cm. These dimensions correspond to the body coil on a standard-bore (60 cm diameter) 3T system. An isotropic grid of 2.5 mm^3^ was used with mesh refinement up to 1 mm around the dielectric pads. A set of five body models were simulated with a body-mass-index (BMI) ranging from 19.2 to 27.3 kg/m^2^. Two body models were obtained from the Virtual Family dataset \[[@CR17]\], "Duke" (BMI = 23.1 kg/m^2^) and "Ella" (BMI = 22.0 kg/m^2^) and three body models from the GSF Family \[[@CR18]\], "Golem" (BMI = 22.2 kg/m^2^), "Irene" (BMI = 19.2 kg/m^2^) and "Donna" (BMI = 27.3 kg/m^2^).

The simulated field data were processed to evaluate the RF shimming behaviour in terms of *B*~1~^+^ inhomogeneity over the whole heart (expressed as the coefficient-of-variation CV~*B*1~^+^, the ratio of the standard deviation to mean value), and local torso SAR, defined as the peak 10 g-averaged SAR within the torso. These measures were calculated for a range of absolute phase differences (−90° to +270°) and relative power ratios (−20 dB to +20 dB; i.e. amplitude ratios of 0.1 to 10) of the two channels. A Q-matrix formalism was applied to model local SAR during RF shimming \[[@CR19]\], and 10-g averaging of the Q-matrices was performed using a FFT-based kernel growing method \[[@CR20]\]. All routines were implemented in Matlab (version 2012, Mathworks, Natick, MA). All field data were normalized to the average *B*~1~^+^ in the transverse cross-section of the body (i.e. a global rather than local *B*~1~^+^ value), which corresponds to the *B*~1~^+^ calibration procedure that is performed on the scanner \[[@CR21]\].

High permittivity pads {#Sec4}
----------------------

Two high permittivity pads, with a relative permittivity of \~300 and conductivity of \~0.4 S/m, were formed as described previously \[[@CR16]\] using a suspension of barium titanate (−325 mesh powder, Alfa Aesar, The Netherlands) in distilled deionized water. The dimensions of the high permittivity pads were 20-by-20 cm, with a thickness of 1.5 and 1.0 cm for the anterior and posterior pad, respectively. The pads were positioned centered at the heart. After fast localizer scans were acquired in both the transverse as well as sagittal planes in order to visualize the position of the pads in the x- and z-directionswith respect to the heart, a manual adjustment of their position was performed if their position was off by more than \~3 cm.

CMR protocol {#Sec5}
------------

Experimental data were acquired on two different systems, a "standard bore" 60 cm diameter and a "wide bore" 70 cm diameter, to provide a comprehensive assessment of the performance in a cohort of 11 and 22 healthy volunteers, respectively (the cohort of 11 volunteers on the 60 cm diameter bore are the same as those as in \[[@CR16]\]. The imaging protocol, comprising scout images, RF-shimming on the heart, and cine-acquisitions in short- and long-axis with and without high permittivity pads were also described in \[[@CR16]\]. The RF-shim settings were recorded for each volunteer both in the short-axis and four-chamber views, meaning that two different settings were collected for each subject. The BMI values for the subjects ranged from 20.1 to 34.9 kg/m^2^, and body surface area (BSA) from 1.56 to 2.44 m^2^.

Results {#Sec6}
=======

Figure [1](#Fig1){ref-type="fig"} shows simulated *B*~1~^+^ and SAR maps two selected body models in the standard-bore magnet, using the RF-shim settings which optimize the *B*~1~^+^ homogeneity within the heart for each case. Results obtained in a model of the body coil used in the wide-bore system essentially show very similar results (data not shown). This figure illustrates the improved *B*~1~^+^ homogeneity and the reduced SAR that can be achieved when using the high permittivity pads in combination with optimized RF-shim settings.Fig. 1Simulations of the RF-shimmed dual-channel transmit system (standard bore) in the body models "Duke" (*left*), and "Ella" (*right*) with and without high permittivity pads, shown in white. **a** Transverse cross-sections of the *B* ~1~ ^+^ and **b** coronal maximum intensity projections of the 10 g-averaged SAR. The heart is outlined by the thin line. The phase settings are those calculated for maximum *B* ~1~ ^+^ homogeneity for each individual case (see Fig. [2](#Fig2){ref-type="fig"}). The pads improve the *B* ~1~ ^+^ homogeneity within the heart and significantly reduce local SAR throughout the body. All data are normalized to a mean *B* ~1~ ^+^ of 1 μT in the transverse cross-section of the body model

Figure [2](#Fig2){ref-type="fig"} shows the effect of different RF-shim settings, i.e. the relative power ratio and phase difference of the two channels, on the inhomogeneity of the *B*~1~^+^ field (measured as CV~*B*1+~) over the heart. Figure [2a](#Fig2){ref-type="fig"} shows that, for the Duke model without pads, the highest *B*~1~^+^ homogeneity (white circle) occurs at a phase difference of approximately 45° and a power ratio of approximately 8 dB (i.e. a signal amplitude ratio of 2.5 between the two channels). For these settings the CV~*B*1+~ is 8.6 % compared to 14.4 % for when the coil is driven in quadrature (shown as a white plus sign). The isocontour, drawn at the level of *B*~1~^+^ homogeneity obtained in quadrature mode, indicates that a large range of RF-shim settings result in an improved transmit homogeneity compared to quadrature mode. The behaviour with the high permittivity pads in place is quite different. With the RF-shim settings optimized for the highest *B*~1~^+^ homogeneity corresponding to a power ratio close to unity, and a phase difference \~90°; i.e. the RF coil being driven in quadrature mode. With these settings, the CV~*B*1+~ is 5.9 %, which reflects a further improvement of the *B*~1~^+^ homogeneity due to the pads. The isocontour line in this case indicates a very tight set of well-defined RF-shim settings (compared to the much more "diffuse" case without pads) would improve the *B*~1~^+^ homogeneity over the quadrature driven body coil. The qualitative behavior is very similar for the other body models, as also shown for the Ella model in Fig. [2b](#Fig2){ref-type="fig"}, with the relevant numbers reported in Table [1](#Tab1){ref-type="table"}.Fig. 2Two-dimensional plots of the *B* ~1~ ^+^ inhomogeneity (CV~*B*1+~) with RF-shim settings simulated in the body models "Duke" (**a**), and "Ella" (**b**) with and without high permittivity pads. In each plot, quadrature mode is indicated by the plus sign (+) and the RF-shim setting that maximizes *B* ~1~ ^+^ homogeneity is indicated by the circle (*o*). The dashed line indicates the iso-contour at the level of *B* ~1~ ^+^ homogeneity obtained in quadrature modeTable 1Overview of *B* ~1~ ^+^ inhomogeneity (CV~*B*~1+) for different RF-shim settingsRF-ShimDukeEllaGolemIreneDonnaNo PadsWith PadsNo PadsWith PadsNo PadsWith PadsNo PadsWith PadsNo PadsWith PadsQuadrature14.4 %7.4 %13.8 %6.4 %10.7 %8.5 %11.5 %8.1 %15.0 %8.0 %Minimum CV~B1+~8.6 %5.9 %7.1 %5.4 %8.2 %7.9 %6.8 %7.3 %7.5 %6.4 %Minimum local SAR14.2 %7.9 %11.5 %7.8 %11.0 %9.1 %10.1 %9.6 %11.9 %6.4 %

Experimental measurements of the RF-shim settings determined by the system to optimize the *B*~1~^+^ homogeneity over the heart are shown in Fig. [3](#Fig3){ref-type="fig"}, which plots the relative power ratios and phase differences measured on both the standard-bore and wide-bore systems. Confidence ellipses are shown at a level of 95 %. Although there is significant variation between individual subjects, a large imbalance in the power delivered to the two channels is clear when no pads are used, whereas the optimal RF-shim when the high permittivity pads are used is close to the quadrature case.Fig. 3Experimental RF shimming results acquired on the standard bore (**a**) and wide bore (**b**) system, together with corresponding 95 % confidence ellipses. RF-shim settings for images acquired in the long- and short-axis orientations were recorded separately

Figure [4](#Fig4){ref-type="fig"} shows the variation of local torso SAR in two selected body models as a function of RF-shim setting. In the case of the Duke model without the pads, the lowest SAR value of 2.5 W/kg is found at about a 5 dB power ratio and a 110° phase difference. However, when using these RF-shim settings the CV~*B*1+~ is 14.2 %, essentially the same as in the quadrature case. When the pads are added, the lowest SAR value is reduced to 1.9 W/kg, and the corresponding CV~*B*1+~ using these RF-shim settings is 7.9 %. These values, and those obtained using the other body models are shown in Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}. A summary of the corresponding RF-shim settings is reported in Table [3](#Tab3){ref-type="table"}.Fig. 4Variation of local torso SAR with RF-shim settings simulated in the "Duke" (**a**) and "Ella" (**b**) body models, with and without high permittivity pads. In each plot, quadrature mode is indicated with the plus sign (+) and the shim setting which minimizes local torso SAR by the box (*□*). For reference, the shim setting that maximizes *B* ~1~ ^+^ homogeneity is indicated by the circle (*o*), as previously shown in Fig. [2](#Fig2){ref-type="fig"}. All data are normalized to the mean *B* ~1~ ^+^ in the transverse cross-section of the bodyTable 2Overview of local torso SAR in W/kg for different RF-shim settingsRF-ShimDukeEllaGolemIreneDonnaNo PadsWith PadsNo PadsWith PadsNo PadsWith PadsNo PadsWith PadsNo PadsWith PadsQuadrature3.02.13.22.82.82.53.32.92.92.4Minimum CV~B1+~5.32.84.13.43.93.04.13.57.01.8Minimum local SAR2.51.91.81.82.01.92.02.01.91.7Table 3Summary of simulated RF-shim settingsRF-ShimNo PadsWith PadsP~1~/P~2~ \[dB\]Δϕ \[deg\]P~1~/P~2~ \[dB\]Δϕ \[deg\]Minimum CV~*B*1+~7.3 ± 2.818.7 ± 27.9−1.8 ± 3.974.3 ± 6.2Minimum local SAR6.9 ± 1.8101.3 ± 8.94.5 ± 2.390.0 ± 6.0Values are means ± standard deviations (*n* = 5)

The results in Fig. [5](#Fig5){ref-type="fig"} address the question of to what extent high permittivity pads change the SAR behavior during RF shimming, given that the SAR values reported on the scanner are calculated based on models that do not incorporate high permittivity pads. For example, from Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}, if the system operates in quadrature mode with pads present, the SAR for the Duke model without pads would be 3.0 W/kg, whereas the actual SAR is 2.1 W/kg. So, the reported value would be an overestimation of \~30 % and there would be no safety concerns operating in this mode: similarly for the other models. Then, if in the case of the Duke model RF shimming were performed to maximize the *B*~1~^+^ homogeneity, then the reported SAR value would be 3.8 W/kg, whereas the actual value is 2.8 W/kg; which reflects again an overestimation of \~25 %. However, there are also RF-shim settings for which the reported value is less than the actual value, although these correspond to RF-shim settings which are sub-optimal in terms of either *B*~1~^+^ homogeneity or SAR. Figure [5](#Fig5){ref-type="fig"} shows the degree to which SAR is over- or underestimated as a function of RF settings for all five different body models, with a wide range of BMI values, heights and weights. In all cases quadrature operation results in a conservative SAR estimate when based on the situation without pads. In four of the five cases, the RF-shim settings which correspond to the highest *B*~1~^+^ homogeneity correspond to points very far removed from the areas in which SAR would be underestimated (shown in red). In the case of Donna, which has the highest BMI of 27.3 kg/m^2^, optimal RF shimming still results in a lowered SAR compared to that reported, but there is quite a sharp transition to a set of RF shims which would underestimate the SAR.Fig. 5Plots of the over- or underestimation of SAR when using high permittivity pads. Blue refers to overestimation, i.e. the actual SAR is less than that calculated by the CMR system. Quadrature mode is indicated with the plus sign (+) and the RF-shim setting that maximizes *B* ~1~ ^+^ homogeneity is indicated by the circle (o)

Discussion {#Sec7}
==========

The results of this study show that, when combining high permittivity pads and dual-channel RF shimming, then in general not only is the *B*~1~^+^ uniformity over the heart increased, but also the local SAR is reduced. An important observation of the simulated and experimental data is that the optimal RF-shim settings, in terms of minimizing *B*~1~^+^ inhomogeneity or SAR, are much closer to quadrature settings when high permittivity pads are used. This has several advantages: one is the much more equal amounts of power required by both channels, meaning that the upper power limit of the RF amplifier is not reached as quickly as in the case of the much greater degree of power imbalance when high permittivity pads are not used. A second is that the process of optimization of the RF-shim values is a much more well-defined problem than without the pads: as shown in Fig. [2](#Fig2){ref-type="fig"} the optimum value with pads lies very close to the starting point (which is typically quadrature) and the region of the CV~*B*1+~ minimum is much more tightly defined than in the case without pads. The mechanism behind this is that the high permittivity pads can be thought of as making the elliptical subject more circulo-symmetric, which means that each channel of the body coil is equally efficient.

As shown in Fig. [5](#Fig5){ref-type="fig"}, for five different body models, the optimization of RF-shim settings either to obtain the lowest CV~*B*1+~ or the lowest SAR, in each case results in an actual SAR with the pads present being lower than that used by the scanner to check the safety of the imaging protocols. However, it is important to note that there are indeed RF-shim settings, indicated in red in Fig. [5](#Fig5){ref-type="fig"}, which result in the actual SAR being higher than that used by the scanner. In most cases, these RF-shim values are quite distant (e.g. a difference in power distribution of up to a factor-of-five) from ones that would be calculated by the scanner either for minimizing B~1~^+^ inhomogeneity or SAR, and thus are very unlikely to be chosen. Nevertheless, as shown by the case of Donna, the difference between an overestimation of 10 % and an underestimation of 10 % can also be relatively small.

One limitation of the current study is the relatively small number of body models studied in the simulations, although we did try to cover as large a range of BMI as is possible using available body models. Experimental data (results not shown) confirmed the work of Krishnamurthy et al. (5) that the relative amplitude and phase settings between the two channels are essentially independent of body habitus. The simulations in Fig. [5](#Fig5){ref-type="fig"} show that also the SAR ratio is quite similar for many different types of body size and composition, although for the highest BMI case there were some noticeable differences. The results presented are essentially independent of whether a standard-bore or wide-bore magnet is used: throughout the manuscript simulations have been presented for the standard-bore system, but simulations performed for the wide-bore system show essentially identical behavior (data not shown). Another experimental degree of variability is the potential incorrect positioning of the high permittivity pads on the subjects' body. The high permittivity pads are visible with a very low intensity on the localizer scans and so can be repositioned quickly if required. In simulations (data not shown) the SAR over- or underestimation was essentially identical if the offset in pad position was less than 5 cm.

How might the improved performance be translated to a clinical platform while ensuring patient safety? The most pragmatic and simple solution would be to run the system in quadrature mode when pads are being used, since from Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"} one can see that local SAR is consistently reduced when using the pads in quadrature mode, while *B*~1~^+^ homogeneity is typically higher than that of the RF shimmed case without pads. However, this would miss out on the residual reductions in SAR possible by dual channel RF-shimming. A second option would be to introduce an error margin which would reduce the SAR limit when using pads to \~90 % of that when not using pads. This would mean that even if the RF shimming algorithm malfunctioned and produced values corresponding to a "red area" in Fig. [5](#Fig5){ref-type="fig"}, then the chances of underestimating SAR are very low. The ultimate method to take full advantage of the high permittivity pads is, of course, to generate a second SAR model used by the scanner in which a fixed size and position of pads have been included.

Conclusions {#Sec8}
===========

The combination of active (dual transmit) and passive (high permittivity pads) RF shimming shows great promise for increasing image quality for cardiac imaging at 3T. The current simulation study shows that transmit performance improves when high permittivity pads are used and RF-shim settings are optimized for producing either the highest degree of *B*~1~^+^ homogeneity or the lowest SAR. Both of these factors enable higher imaging quality to be achieved for cardiac MR at 3T.
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